AbstractÐWith the aid of molecular modeling, thiazolidine derivatives have been designed as catalysts for epoxidation of aldehydes. Accessible from amino acids, the thiazolidine derivatives can be synthesized in both enantiomeric forms and with a diverse array of substituents. A representative member, (S)-N-tert-butoxycarbonyl-2,2-dimethyl-4-isopropyl thiazolidine, of the thiazolidine family has been prepared, and it has been shown to catalyze the formation of trans-stilbene oxide with high enantioselectivity. Experimental and theoretical characterization has allowed the evaluation of the factors affecting enantioselectivity, facilitating the design of second-generation thiazolidines and other chiral sul®des as epoxidation catalysts. q
Introduction
Chiral sul®des, via the corresponding sulfonium ylides, are becoming increasingly important sources of chirality in asymmetric transformations, ®nding applications in enantioselective epoxidation, 1,2a±d cyclopropanation 2a,e,f and aziridination 2a,g,h reactions. Furthermore, the recently introduced carbene-based conditions allow the use of catalytic amounts of sul®des and have expanded the scope of the reactions to base-sensitive substrates, such as enolizable aldehydes. 3 As different applications are likely to have different optimal chiral sul®des, easy ®ne tuning is a highly desirable property. Here, we describe the computer-assisted design of a novel family of chiral sul®des 2 that (1) offers a high degree of variability, (2) can be synthesized using a general route from common starting materials 1 and (3) is accessible in both enantiomeric forms (Scheme 1). 4 We demonstrate the potential of 2 in providing high enantio-selectivities by synthesizing a representative member of 2 and using it in catalytic epoxidation of aldehydes, coupled with experimental and theoretical evaluation of the factors contributing to enantioselectivity. Our molecular design effort reported here, building on our previous theoretical studies, 5 serves as an example in designing other types of chiral sul®des and other chiral catalysts.
As a large and diverse group of compounds often available in both enantiomeric forms, amino acids appeared attractive starting materials for new chiral sul®des. Considerations of minimal synthetic sequence, sulfur electron pair selectivity, 2b a related crystal structure 6 and the ability to better accommodate the advantageous gem-dimethyl (see below) and related moieties led to a ®ve-membered cyclic scaffold. Computational 7 and conceptual exploration of several substituted alternatives pointed to the thiazolidine family 2, due to its modularity and suf®ciently rigid ring system. Thus, Author's accepted manuscript, published in Tetrahedron 57 (2001) 4629-4635 Keywords: catalysis; epoxidation; thiazolidines; molecul ar modeling; enantioselectivity. substituent R a to an sp 2 like nitrogen carrying an exocyclic acyl substituent was required to freeze pseudorotation of the ring. In the global energy minimum of 2, R prefers the pseudoaxial orientation ( Fig. 1, 1a , Ri-Pr and ZO-t-Bu), and modeling suggested that suitable R groups can extend over the pseudoaxial electron pair of sulfur, if necessary, to prevent its reaction with electrophiles. In 2, Y/Y 0 control ylide facial selectivity while Z, pointing away from the reactive center, can contain auxiliary functions, such as a chromophore or an attachment point to resin. Since R, Y/ Y 0 and Z can all be easily varied in 2, a highly tunable system was designed.
Results and discussion
Thiazolidines 2 can be synthesized from cysteine (RCO 2 R 0 or nucleophilic addition products of it) or from other amino acids via reduction and O to S exchange (Scheme 1, Ramino acid side chain). We chose the latter route, using valine with its bulky, hydrophobic side chain as our starting material (Scheme 2). We prepared (S)-N-tertbutoxycarbonyl-2,2-dimethyl-4-isopropyl thiazolidine 11 (YY 0 Me) for proposed high enantioselectivity and (S)-N-tert-butoxycarbonyl-4-isopropyl thiazolidine 12 (YY 0 H) as our control compound to study the`background' enantioselectivity of 11.
Standard reduction 8 and protection of l-valine yielded N-BOC-valinol 5. The corresponding amino thiol 7 was synthesized via a thioacetate obtained by a modi®ed Mitsunobu reaction, 9 followed by clean saponi®cation with no disul®de formation. 10 We ®rst attempted a direct ring closure to afford 11, as such ring closure has been reported in the synthesis of oxazolidines. 11, 12 Unfortunately, we were unsuccessful, 13 and we developed an alternative approach, employing the known formation of thiazolidines from unprotected amino thiols. 14±16 Consequently, a sequence of deprotection, ring closure and reprotection was carried out for 7. While the deprotection required harsh conditions, the ring closure proceeded smoothly, with the product precipitating from the reaction medium. Finally, the BOC group was reintroduced using a slow but clean procedure (14d, 508C, MeCN), avoiding the intractable mixtures obtained in the presence of DMAP or excess of base. 17 Acetylation and benzoylation were also tested in the ®nal protection step, but were found unsatisfactory due to their preferential reactivity towards sulfur. 18±20 We examined 11 in the previously reported conditions for catalytic epoxidation of aldehydes. 3 As the primary focus of our molecular design efforts is stereoselectivity, the literature conditions 3 were mimicked as closely as possible so that the stereoselectivity of 11 could be directly compared to those of reported catalysts. 2b With 11, (S,S)-trans-stilbene oxide 13 was obtained in 90 %ee (Scheme 3), 21 demonstrating that high enantioselectivities can be obtained with thiazolidines 2. As expected, the control compound 12 yielded the product with the same absolute con®guration but with low enantioselectivity, underlining the crucial role of the gem-dimethyl function. The absolute stereochemistry of the product is consistent with the previously proposed reaction mechanism 3,5 and the stereochemistry of 11. The yield observed in the epoxidation with 11 as a catalyst was low (16%) but is well in line with the structurally corresponding catalyst 14 (11%) 2b , (Table 1) . Sterically less hindered catalyst 12 gave trans-epoxide 13 with 62% yield. The choice of the transition metal catalyst affects yields. 2b In order to avoid decomposition of sul®de catalysts we were forced to replace Cu(acac) 2 by Rh 2 (OAc) 4 , thought.
In an effort to evaluate the relative energies of the ring conformers ( Fig. 1 ), 1D 1 H NMR spectra of 11 were recorded at 250±11008C. Unfortunately, separate sets of signals could not be detected for the two ring conformers, an observation in line with the very low interconversion barrier subsequently calculated by quantum chemical methods. 22 However, the preferred ring conformation could be identi-®ed by comparison of calculated 23, 24 (Fig. 1 ) and experimental (1.1 and 6.0 Hz at rt in (CDCl 2 ) 2 ) vicinal coupling constants between H 4 and H 5 /H 5 0 . Consequently, the pseudoaxial ring conformation used in the design was also implicated by experiment.
In the absence of experimental value, quantum chemical methods were used to estimate the relative energy of the ring conformers in 11, and, for reference purposes, in the published sul®des 14±16 ( Table 1 ). The two ring conformers of 11 are expected to lead to enantiomeric products. In pseudoaxial conformation of 11 ( Fig. 1, 1a ) the iso-propyl group extends over the pseudoaxial electron pair of sulfur preventing its reaction with electrophiles. The ylide derived from the remaining reactive sulfur lone pair can adopt two conformations (Fig. 2, 2a and 2b ). Because the anti ylide 2b suffers from 1,3 interactions between the phenyl and methyl groups and even between the phenyl and pseudoaxial H 5 0 , the only possible ylide conformation resulting from pseudo-axial conformation of 11 is 2a (syn). In corresponding pseudoequatorial conformation of 11 the iso-propyl moiety is pseudoequatorial leaving both sulfur electron pairs reactive. The resulting two different ylide conformations 2c and 2d ( Fig. 2 ) lead to opposite enantiomeric products. Assuming that the kinetic properties of the reaction pathways involving the two ring conformers are equivalent, %ee values were calculated from the relative energies of the ring conformers. Given the simplicity of the assumptions and the possible errors 25 in the calculated energy values, surprisingly good correlation with the experimental %ee values is observed. Apparently, the rigidity of the ring may place an upper limit to the enantioselectivity that can be achieved with a particular system. Thus, even if facial selectivity caused by the gem-dimethyl group in 11 warranted 991 %ee, ring pseudorotation in 11 seems to limit enantioselectivity to 92 %ee. On the other hand, with 16 the limiting 98.9 %ee is not reached in stilbene oxide formation due to insuf®cient facial selectivity. However, it is realized when the phenyl group is exhanged to the more sterically demanding mesityl group. 2b
In an attempt to evaluate the contributions from enantiofacial selectivity and ring pseudorotation separately, the transition states (TS) derived from the low energy ring conformers of 11 and 16 and leading to trans-stilbene oxide formation were calculated using a quantum chemical approach and simpli®ed model molecules ( Fig. 3) . Additionally, the TS calculations allowed separate estimation of the directional and facial contributions to ylide facial selectivity. Although the energy values appear to be overestimates, 5 comparison of corresponding energies between 11 and 16 suggests that the gem-dimethyl group in 11 signi®cantly improves ylide conformational selectivity while providing at least the same level of directional selectivity as the single methyl group in 16. Even though the TS data suggests 11 should yield higher enantioselectivity than 16 in stilbene oxide formation, the data should be considered in conjunction with the limiting 92 %ee of 11 (Table 1) caused by ring pseudorotation. However, according to the TS data, thiazolidines 2 could perhaps offer even higher enantioselectivities if their rings could be made more rigid. To this end, we are currently synthesizing additional examples of 2 with Rt-Bu and/or YMe, Y 0 H. Initial molecular modeling suggests that the latter type of modi®cation introducing a (pseudo)axial methyl group, while unfavorable in the case of 14, both rigidi®es the thiazolidine ring and selectively destabilizes the anti sulfonium benzylide conformation. Decreasing the sterical bulkiness adjacent to sulfur should even result in enhanced yields of epoxide. 2b
Conclusion
In conclusion, intimate coupling of theory and experiment has facilitated the design of a family of chiral sul®des 2 demonstrating high enantioselectivity. Furthermore, careful consideration of the factors contributing to enantioselectivity has provided a consistent hypothesis suggesting why 2 work and how they can be further improved. In addition to the new members of 2 discussed above, we are investigating other related sul®des using our computerassisted approach. Results from these studies will be reported in due course. 
N-(tert-Butoxycarbonyl)-l l-valinol (5)
l-valinol 4 (5.00 g, 48.5 mmol, 100 mol %) was dissolved in CH 2 Cl 2 (18 mL) and the mixture was cooled to 08C. To this solution was carefully added di-tert-butyldicarbonate (10.07 g, 46.2 mmol, 95 mol %) in CH 2 Cl 2 (7 mL). The reaction mixture was allowed to warm up to room temperature and stirred for 45 minutes. The reaction mixture was washed with 3£30 ml of 20% citric acid and once with brine (40mL). The organic layer was evaporated to dryness to yield pure 5 (9.85 g, 48.5 mmol, quant.) as a yellow, viscous oil. Thiol acetate 6 (1.50 g, 5.74 mmol, 100 mol %) and KOH (644 mg, 11.5 mmol, 200 mol %) were dissolved in methanol (10 mL). The solution was stirred for 30 minutes at ambient temperature after which the reaction was quickly quenched with 50% citric acid (25 mL). CH 2 Cl 2 (30mL) was added and the resulting organic layer was washed with 20% citric acid (2£20 mL) and once with brine (30 mL), dried and evaporated to dryness to yield 7 (1. 26 Thiol 7 (1.32 g, 6.02 mmol, 100 mol %) was dissolved in methanol (10 mL) and concentrated HCl (10 mL, 37% aqueous solution) was added. The reaction mixture was re¯uxed for 8 hours. Evaporation to dryness followed by evaporation from a suspension with toluene yielded 8 (915 mg, 5.87 mmol, 98%) as a semi-solid mass. The substance was used for subsequent reactions without further puri®cation.
(S)-2,2-Dimethyl-4-isopropyl-thiazolidine hydrochloride salt (9)
Thiol hydrochloride salt 8 (915 mg, 5.88 mmol, 100 mol %) was dissolved in acetone (25 mL) and 2,2-dimethoxypropane (10 mL) was added. The mixture was re¯uxed for 12 hours, with thiazolidine hydrochloride salt 9 gradually precipitating from the reaction medium. The crude product was ®ltered and washed several times with acetone to yield 9 (802 mg, 4.10 mmol, 70%) as a white solid. (5 mL) . DIPEA (105 ml, 0.60 mmol, 102 mol %) was added dropwise to this solution at room temperature. The mixture was stirred at 508C for 24 hours. The reaction mixture was cooled down and evaporated to dryness. The crude product was puri®ed by MPLC (14.29% MTBE in hexanes) to yield 12 (134 mg, 0.58 mmol, 98%) as a colorless liquid. R f (25% MTBE in hexanes)0.56.
[a ] D 20 1102.5 (c3.46, MeOH). 1 
Epoxidation with sul®de 11
Benzaldehyde (59 ml, 0.58 mmol) and phenyldiazomethane 28 (0.87 mmol in CH 2 Cl 2 (1 mL)) in the presence of Rh 2 (OAc) 4 (3 mg, 0.007 mmol) and sul®de 6 (30 mg, 0.12 mmol) in 0.3 ml of CH 2 Cl 2 yielded (S,S)-trans-stilbene oxide 13 (18 mg, 0.092 mmol, 16%) with 90% enantiomeric excess. The retention times of enantiomers were 7.79 min (S,S) and 13.83 min (R,R)(5% isopropanol in hexanes,¯ow rate 1.0 ml/min). No cis epoxide was observed. The product was separated with MPLC (25% CH 2 Cl 2 in hexanes) and the NMR spectrum compared favorably with literature data. 29 
Epoxidation with sul®de 12
Benzaldehyde (102 ml, 1.00 mmol) and phenyldiazomethane (1.50 mmol in CH 2 Cl 2 (1 mL)) in the presence of Rh 2 (OAc) 4 (4 mg, 0.01 mmol) and sul®de 7 (46 mg, 0.20 mmol) in 0.5 ml of CH 2 Cl 2 yielded (S,S)-trans-stilbene oxide 8 (121 mg, 0.62mmol, 62%) and cis-stilbene oxide (17 mg, 0.08 mmol, 8%); (cis:trans 12:88). (S,S)-transstilbene oxide was formed with 19% enantiomeric excess. The retention times of enantiomers were 9.28 min (S,S) and 13.82 min (R,R)(5% isopropanol in hexanes,¯ow rate 1.0 ml/min).
